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We have performed nuclear quadrupole resonance and nuclear magnetic resonance measure-
ments on UCoAl with strong Ising-type anisotropy under b- and c-axes uniaxial pressure. In
the b-axis uniaxial pressure (P‖b) measurement, we observed an increase in the metamagnetic
transition field with increasing P‖b. In the c-axis uniaxial pressure (P‖c) measurement, on the
other hand, we observed a ferromagnetic transition in zero magnetic field along the c-axis
above P‖c = 0.08 GPa. The anomaly of the nuclear spin-lattice relaxation rate divided by the
temperature
[
(T1T )
−1
]
at T = 20 K is suppressed by P‖b and slightly enhanced by P‖c. The
anisotropic uniaxial pressure response indicates that uniaxial pressure is a good parameter for
tuning the Ising magnetism in UCoAl.
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1. Introduction
Itinerant ferromagnetic (FM) compounds have at-
tracted much attention because some of them exhibit
exotic ordered states, for example, unconventional super-
conductivity in UGe2,
1) a skyrmion lattice ordered state
in MnSi,2) and a nematic state in Sr3Ru2O7.
3) These
FM compounds seem to follow the temperature (T ) −
magnetic field (H) − pressure (P ) 3-dimensional (3D)
universal phase diagram.4–6) In this phase diagram, the
second-order FM transition line in zero magnetic field bi-
furcates into finite magnetic fields at the tricritical point
(TCP) with the formation of first-order transition planes
and finally terminates at the quantum critical endpoint
(QCEP) at zero temperature.
UCoAl, as reported here, is believed to be an itiner-
ant FM compound and its 3D phase diagram is depicted
in Fig. 1. UCoAl possesses the hexagonal ZrNiAl-type
(space group: P62m, No. 189) crystal structure with
alternately stacked U-Co(1) and Co(2)-Al layers; here
we define the [0110], [1000], and [0001] directions in the
hexagonal structure as the a-, b-, and c-axes, respectively.
At ambient pressure, its ground state is paramagnetic
(PM) with strong Ising-type anisotropy (the easy mag-
netization axis is the c-axis), but it undergoes a first-
order metamagnetic transition (field-induced FM tran-
sition) under a relatively small magnetic field of µ0H‖c
∼ 0.6 T only applied along the c-axis. The first-order
metamagnetic transition line in the T − H‖c phase dia-
gram terminates at the critical endpoint (CEP) at 12 K
and changes to a crossover. Nuclear magnetic resonance
(NMR) studies revealed that magnetic fluctuations are
also strongly Ising-type along the c-axis and diverge at
the CEP.7, 8)
Hydrostatic pressure measurements on UCoAl have
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Fig. 1. (Color online) 3D schematic phase diagram for UCoAl
with temperature (T ) − magnetic field along the c-axis (H‖c)
− hydrostatic pressure (Phydro) and uniaxial pressure along the
a(b)- and c-axes (P‖a(b),P‖c). The pink line shows the second-
order transition line and the purple plane shows the first-order
transition plane. The TCP and QCEP are denoted as a circle
and square, respectively.
been intensively carried out.9, 10) Recently, Aoki et al.
quantitatively reported that under hydrostatic pressure
the CEP moves to a lower temperature and a higher field
and finally reaches the QCEP at (T , µ0H‖c, Phydro)QCEP
∼ (0 K, 7 T, 1.5 GPa).10) Uniaxial pressure measure-
ments on UCoAl are rare in comparison with hydrostatic
pressure measurements because of experimental difficul-
ties. Saha et al. reported that a(b)-axis uniaxial pressure
has the same effect as hydrostatic pressure.11) On the
other hand, Ishii et al. reported that the c-axis uniax-
ial pressure induces the FM transition in zero magnetic
field,12) which implies that c-axis uniaxial pressure is the
opposite tuning parameter to hydrostatic pressure and
a(b)-axis uniaxial pressure in the 3D phase diagram. Al-
though UCoAl is one of the suitable compounds for fig-
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Fig. 2. (Color online) (a) Schematic figure of the pressure cell.
∆L and ∆φ represent the travel distance and the rotation an-
gle of the clamping bolt, respectively. (b) Pictures of the single-
crystal sample used for each pressure direction.
uring out the riddle of the universal 3D phase digram
for itinerant FM compounds, there have been insuffi-
cient uniaxial pressure studies on UCoAl reported so far.
Here we report static and dynamic magnetic properties
of UCoAl under b-axis and c-axis uniaxial pressure stud-
ied by nuclear quadrupole resonance (NQR) and NMR
measurements.
2. Experimental Procedure
For the uniaxial pressure measurements, we con-
structed a pressure clamp cell from a hardened non-
magnetic CuBe alloy as schematically shown in Fig. 2(a).
An uniaxial force was created by tightening a pressure
clamping bolt and transferred to the sample by non-
magnetic disk springs (INCONEL X750). The sample
was sandwiched between two sapphire substrates, and
a Cu coil to detect NQR and NMR signals was wound
around the sample parallel to the pressure direction. In
order to avoid damaging the sample by rotation of the
inside jig, the jig was pinned by a screw (rotation pro-
tector) whose head was stopped at the window in the
cell body. The magnitude of uniaxial pressure along the
i-axis P‖i was determined by Hooke’s law at room tem-
perature as P‖i = (k ·∆L)/Si, where k = 3678.5 N/mm
is the spring constant and Si is the surface area of the
i-plane (Sb = Sc = 2.47 mm
2 in the present UCoAl sam-
ples). The shrinkage of the spring ∆L (on the order of 0.1
mm) was identified as the travel distance of the clamp-
ing bolt attached to the inside jig and was estimated by
measuring the rotation angle of the clamping bolt ∆φ
using the relation ∆L = p · (∆φ/360◦), where p = 1.75
mm is the pitch (= lead) of the clamping bolt.
We also investigated the temperature dependence of
pressure by measuring the resistance of a strain gauge
attached to Cu as a reference material (S = 18.8 mm2)
pressurized in the present pressure cell. The pressure es-
timated by the strain gauge at temperature T is given
by the following equation:
P (T ) = ECu ·
1
kSG
R0(T )−R(T )
R0(T )
, (1)
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Fig. 3. (Color online) Zero-magnetic-field 59Co(2)-NQR spectra
of the ν3 peak at P = 0 GPa (circles), P‖b = 0.19 GPa (squares),
and P‖c = 0.16 GPa (triangles).
where ECu = 120 GPa is the Young’s modulus of Cu,
kSG = 2 is the transformation ratio from the strain to
the resistance in the strain gauge, and R0(T ) and R(T )
are the resistance of the strain gauge at ambient pressure
and under uniaxial pressure, respectively. The relative
change in P (T ) from room temperature (R.T.) is in the
range of 0 < [P (T )−P (R.T.)]/P (R.T.) < 0.1 down to T
= 4.2 K, suggesting that the temperature dependence of
uniaxial pressure in the present measurement is relatively
small, although the pressure is not exactly temperature
independent due to effects such as thermal expansion and
the temperature dependence of the spring constant.
A single-crystal UCoAl sample was synthesized by the
Czochralski pulling method in a tetra-arc furnace. For
the present uniaxial pressure study, the sample was cut
to a rectangular shape, as shown in Fig. 2(b), with di-
mensions of 1.9 (a-axis)× 1.9 (b-axis)× 1.3 (c-axis) mm3
for uniaxial pressure along the b-axis and 1.9 (a-axis)
× 1.3 (b-axis) × 1.3 (c-axis) mm3 for uniaxial pressure
along the c-axis. The surfaces of the b- and c-planes were
polished to ensure homogeneous pressure.
Using the above pressure cell and UCoAl samples,
we performed 27Al-NMR measurements controlling three
parameters: temperature (T ), magnetic field along the c-
axis (H‖c), and uniaxial pressure along the b- and c-axes
(P‖b,c). H‖c was tuned by the angle θ between the mag-
netic field H and the crystal c-axis using the relation
H‖c = H cos θ since the physical properties are insensi-
tive to the magnetic field perpendicular to the c-axis. In
all measurements, the NMR radio frequency was fixed at
f = 17.5 MHz [µ0H(
27K = 0) = 1.577 T].
3. Results
Before showing the 27Al-NMR results, we show
59Co(2)-NQR results obtained in zero magnetic field.
The NQR reflects the interaction between the quadrupole
moments of the nuclear spin I and the electric field gra-
dient (EFG) in the crystal, and its Hamiltonian is de-
scribed as follows:
HQ =
~νzz
6
{
(3I2z − I
2) +
η
2
(I2+ + I
2
−)
}
, (2)
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Fig. 4. (Color online) H‖c dependence of the
27Al-NMR Knight
shift 27K at T = 4.2 K for P‖b = 0 GPa (circles), 0.10 GPa
(squares), and 0.19 GPa (triangles). 27K for the PM and FM
spectra are denoted as closed and open symbols, respectively.
The solid and dashed arrows represent HPMdis
‖c
(H‖c where the
PM spectra disappear) and HFMapp
‖c
(H‖c where the FM spectra
appear), respectively.
where νzz (∝ Vzz) is the quadrupole frequency along the
EFG principal axis and η (= |Vxx − Vyy| /Vzz) is the
asymmetry parameter with respect to the EFG princi-
pal axis; here Vij ≡ ∂
2V/∂xi∂xj (V is the electrostatic
potential; xi, xj = x, y, z) is the EFG tensor. In UCoAl,
the EFG principal axis is parallel to the c-axis, and for
59Co(2) nuclei νzz = 4.312 MHz and η = 0, which yield
three NQR signals at ν1 = 4.312 MHz, ν2 = 8.623 MHz,
and ν3 = 12.935 MHz.
7, 8, 13) In the present study, we
tracked the ν3 signal at T = 4.2 and 1.5 K under P =
0 GPa, P‖b = 0.19 GPa, and P‖c = 0.16 GPa. As shown
in Fig. 3, the sharp ν3 spectrum at ambient pressure was
broadened toward a lower frequency (smaller Vzz) by P‖b,
on the other hand, it was broadened toward a higher fre-
quency (larger Vzz) by P‖c. This anisotropic response of
the NQR spectra to uniaxial pressure suggests that the
external uniaxial pressures create microscopic uniaxial
strains along the pressure directions. However, Fig. 3 also
indicates that uniaxial pressures possess inhomogeneity
ranging from zero to a finite value, because the NQR
spectra under the uniaxial pressures were broadened on
both sides from the frequencies observed in the original
spectra at ambient pressure. We consider that the origin
of the inhomogeneous pressure is the cubic shape of the
present samples, i.e., uniaxial strain is maximized around
the central region of the sample and becomes smaller to-
ward both pressurized surfaces. Thus, much longer sam-
ples along the uniaxial pressure directions are desired to
avoid pressure inhomogeneity.
We measured the field-swept 27Al-NMR spectra under
various θ (H‖c = H cos θ) for P‖b = 0, 0.10, and 0.19 GPa
at T = 4.2 K and estimated Knight shift 27K against
H‖c as shown in Fig. 4. At ambient pressure, PM spec-
tra disappear at µ0H‖c ∼ 0.7 T and FM spectra appear
in the separated field region, which is a typical feature
of a first-order metamagnetic transition as reported in
our previous NMR study.8) With increasing P‖b, H
PMdis
‖c
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Fig. 5. (Color online) H‖c − P‖b phase diagram at T = 4.2 K ob-
tained by the present NMR measurement (by plotting HPMdis
‖c
)
(closed symbols) with the previous resistivity measurement by
Saha et al.11) (open symbols).
(H‖c where the PM spectra disappear, denoted as the
solid arrows in Fig. 4) increases, which indicates that the
metamagnetic transition field increases with increasing
P‖b. However, H
FMapp
‖c (H‖c where FM spectra appear,
denoted as the dashed arrows in Fig. 4) is insensitive to
P‖b. This is because of the inhomogeneity of the uniaxial
pressure as shown by the above NQR results. Therefore,
in the present measurement, HPMdis‖c is the marker of the
metamagnetic transition field and was plotted in the H‖c
− P‖b phase diagram along with the previous result by
Saha et al.11) as shown in Fig. 5.
We measured the field-swept 27Al-NMR spectra at var-
ious T and P‖c as shown in Fig. 6. The magnetic field
was applied along the a-axis (H‖c = 0). All spectra were
normalized by the intensity of the central peak of the
27Al-PM spectrum at µ0H ∼ 1.575 T (
27K ∼ 0.1%).
With increasing P‖c, the peak intensity of the
27Al-PM
spectra decreases and broad spectra appear around µ0H
∼ 1.5 T (27K ∼ 5%) above P‖c = 0.08 GPa. As shown
in Fig. 8, the nuclear spin-lattice relaxation time T1 in
the broad spectra is approximately three times longer
than that in the sharp 27Al-PM spectra. The longer T1
is evidence of the broad spectra originating from the FM
components. With increasing P‖c, T
FMapp (the temper-
ature where the FM spectra appear around µ0H ∼ 1.5
T) increases. However, the PM spectra remain down to
T = 1.5 K and up to P‖c = 0.29 GPa and the intensity
ratio of the FM spectra relative to the PM spectra is
small, ∼ 13% at (T , P‖c) = (1.5 K, 0.29 GPa). This is
also because of the inhomogeneity of pressure as shown
by the above NQR results; thus, it is difficult to dis-
tinguish whether the FM transitions are first-order or
second-order from the NMR spectra. Therefore, in this
measurement, TFMapp is the marker of the FM transition
temperature and was plotted in the T − P‖c phase dia-
gram along with the previous result by Ishii et al.12) as
shown in Fig. 7. The FM transition line is not consistent
with the previous study. This is because of the depen-
dences of samples or the determination of FM transition
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Fig. 6. (Color online) Field-swept NMR spectra for several T and
P‖c at H‖c = 0. The blue and red shaded spectra represent the
27Al-PM and FM spectra, respectively. The green dotted line
represents one of the 59Co(2) satellite peaks. The yellow dotted
lines represent 63Cu (µ0H ∼ 1.55 T) and 65Cu (µ0H ∼ 1.44 T)
signals arising from the NMR coil. All spectra were normalized
by the intensity of the central peak of the 27Al-PM spectrum.
temperatures.
We emphasize that P‖b,c (the horizontal axes of Figs. 5
and 7) are calculated with the assumption of the ideal
homogeneous uniaxial pressure but they are actually the
average values of inhomogeneous uniaxial pressure. On
the other hand, HPMdis‖c and T
FMapp (the vertical axes of
Figs. 5 and 7) are evaluated with the maximum values of
the inhomogeneous pressure. This evaluation with inho-
mogeneity taken into account is impossible for macro-
scopic measurements but possible for the microscopic
probe in the present NMR technique.
The nuclear spin-lattice relaxation time T1 was mea-
sured at the central peak of the 27Al-NMR spectra (at
µ0H = 1.575 T for the PM spectra and at µ0H = 1.5 T
for the FM spectra), corresponding to the transition be-
tween the nuclear spin states I = 1/2 and -1/2. For the
measurement of T1, the nuclear magnetization after the
saturation pulses was fitted with the theoretical recovery
function. In this measurement, the magnetic field was ap-
plied along the a-axis (H‖c = 0). (T1T )
−1 is used to probe
hyperfine-field fluctuations perpendicular to the applied
fields. In addition, our previous NMR study8) revealed
that UCoAl has strong Ising-type magnetic fluctuations
along the c-axis that are independent of the magnetic
field along the a-axis. Thus, (T1T )
−1 in this measure-
ment represents the magnetic fluctuations along the c-
axis [(T1T )
−1
H‖a = S‖b + S‖c ∼ S‖c (since S‖c ≫ S‖b),
where S‖i is the magnetic fluctuations along the i-axis
at the 27Al nuclei sites]. Figure 8 shows the temperature
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Fig. 7. (Color online) T − P‖c phase diagram at H‖c = 0 ob-
tained by the present NMR measurement (by plotting TFMapp)
(closed symbols) with the previous magnetic susceptibility mea-
surement by Ishii et al.12) (open symbols).
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Fig. 8. (Color online) Temperature dependence of (T1T )−1 for
several uniaxial pressures at H‖c = 0. The closed and open sym-
bols represent (T1T )−1 in the 27Al-PM and FM spectra, respec-
tively.
dependence of (T1T )
−1 at ambient pressure and several
P‖b and P‖c. In addition, we constructed a contour plot
of (T1T )
−1 for the PM spectra in the T − P‖b,c phase
diagram as shown in Fig. 9. We show the presence of a
broad peak of (T1T )
−1 around 20 K in the entire pressure
range. This characteristic temperature Tmax, where mag-
netic fluctuations [often seen in magnetic susceptibility χ
and (T1T )
−1] exhibit a broad maximum, is typically ob-
served in itinerant metamagnetic compounds, for exam-
ple, Tmax ∼ 260 K in YCo2,
14) 80 K in Co(S1−xSex)2,
15)
and 20 K in UCoAl7–9) in the present case. Note that the
peak intensity of (T1T )
−1 at Tmax ∼ 20 K is suppressed
with increasing P‖b but slightly enhanced with increasing
P‖c and maximized around P‖c = 0.16 GPa.
4. Discussion
We reproduced the results of the previous uniaxial
pressure studies and clarified the anisotropic response
for uniaxial pressure directions from the microscopic
viewpoint by the NMR measurements. This is strong
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Fig. 9. (Color online) Contour plot of (T1T )−1 of 27Al-PM spec-
tra in the T − P‖b,c (H‖c = 0) phase diagram. FM transition
points TFMapp obtained in the present NMR study are denoted
by circles.
evidence that the uniaxial pressure is a good tuning
parameter in the 3D phase diagram for UCoAl. The
anisotropic response to the uniaxial pressure suggests
that the anisotropic hybridization of U-5f electrons in
the hexagonal crystal structure plays an important role
in the magnetism of UCoAl. As discussed in the previ-
ous reports,11, 12) UCoAl has strong intraplane 5f -3d (U-
Co(1)) hybridization in the ab-plane, whereas the inter-
plane 5f -3d (U-Co(2)) and 5f -3p (U-Al) hybridizations
along the c-axis are much weaker than the intraplane
hybridization. Thus, the magnetic properties are deter-
mined by the intraplane hybridization. As represented
by the Hill criterion16) (the nearest U-U distance in the
ab-plane in UCoAl, dU−U ∼ 3.46 A˚,
17) is in the range of
the Hill limit, 3.4-3.6 A˚), the further enhancement of the
intraplane hybridization by applying uniaxial pressure
along the ab-plane produces the itinerant behavior with
5f -bands and suppresses the FM ordered state. On the
other hand, the weakening of the intraplane hybridiza-
tion by applying uniaxial pressure along the c-axis pro-
duces localized behavior with 5f -moments and enhances
the FM ordered state.
We interpreted the results of the nuclear relaxation
rates as follows. In the T − P‖b,c plane at H‖c = 0, mag-
netic fluctuations are expected to be maximized at the
TCP; thus, the results suggest that the TCP exists at
approximately P‖c ∼ 0.16 GPa. However, the displayed
(T1T )
−1 is the average of those of various pressure val-
ues because of the inhomogeneity of pressure; thus, fur-
ther uniaxial pressure measurements without the inho-
mogeneity of pressure are desired to quantitatively dis-
cuss the criticality of the TCP.
5. Conclusion
We have performed 27Al-NMR measurements on
UCoAl under b- and c-axes uniaxial pressure with a
homemade uniaxial pressure clamp cell. Both the static
and dynamic magnetic properties exhibit the opposite
responses for different uniaxial pressure directions. The
b-axis uniaxial pressure increases the metamagnetic tran-
sition field and magnetic fluctuations are suppressed. The
c-axis uniaxial pressure induces the FM transition in zero
magnetic field along the c-axis and magnetic fluctuations
are slightly enhanced and maximized at 0.16 GPa. These
results indicate that the uniaxial pressure is a good pa-
rameter for tuning the strongly anisotropic magnetism
in UCoAl. The maximum of the magnetic fluctuations
under the c-axis uniaxial pressure suggests the existence
of a TCP on the FM transition line.
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